Aims/hypothesis. Neutrophil dysfunction has a role in the pathogenesis of complications in Type II (non-insulin-dependent) diabetes mellitus. Neutrophils adhere through expression of the β 2 integrin CD11b/CD18 which closely associates with the actin cytoskeleton. The aim of this study was to investigate the effect of actin polymerisation on CD11b expression and exocytosis of the primary granule marker CD69 in neutrophils from patients with Type II diabetes. Methods. Neutrophils were activated with fMLP or PMA, actin polymerisation was inhibited with cytochalasin D. Cells were stained for CD11b and CD69 expression and intracellular F-actin was measured with phalloidin-FITC. Cellular fluorescence was measured by flow cytometry. Actin content of Triton X-100 fractions of cells was measured by SDS-PAGE and Coomassie blue staining. Results. PMA caused an increase in neutrophil F-actin that was greater in control subjects than in patients with Type II diabetes (50.8% vs 33.4%, p<0.001) and correlated with actin integrated optical density (IOD) by p=0.01). Loss of CD11b from cell surfaces only occurred in neutrophils with high Factin. The proportion of cells losing CD11b was lower in patients than in control subjects (23.1% vs 37.5%, p<0.001) and lowest in patients with additional cardiovascular risk markers (20.1% vs 27.7%; p<0.05). Cytochalasin D prevented loss of CD11b (p<0.001). CD69 expression was reduced in patients with Type II diabetes (22.6% vs 36.4%, p<0.001) and correlated with F-actin content (r=0.78, p<0.0001). Conclusion/interpretation. In Type II diabetes impaired neutrophil actin polymerisation leads to persistent expression of CD11b and reduced exocytosis of primary granules and could contribute to the pathogenesis of diabetic complications. [Diabetologia (2002) 45:719-727] 
increased incidence of coronary artery restenosis [11, 12] and an exaggerated inflammatory response to organ ischaemia-reperfusion injury [13, 14, 15, 16] . Neutrophils also influence the pathogenesis of microvascular complications, in particular diabetic retinopathy [17, 18] .
The presence of vascular complications in diabetes could also contribute to worsened neutrophil function. Both spontaneous neutrophil adherence and fMLP-induced aggregation of neutrophils are associated with the presence of diabetic complications and in particular overt proteinuria [16, 18] . Recently, an association has been identified between neutrophil elastase content, the concentration of glycaemia and angiopathy in diabetes [19, 20] .
Cell surface integrins, such as CD11b/CD18, mediate the localisation of neutrophils at sites of injury and transduce signals across cell membranes [21, 22] . When inflammatory stimuli are encountered, circulating neutrophils adhere to the vascular wall and transmigrate into the extravascular space [23] . Upon encountering a pathogen, neutrophils release proteases which are stored in multiple granular compartments and superoxide anion which is generated by the transmembrane NADPH oxidase. The presence of neutrophils with large amounts of CD11b/CD18 on the cell surface will increase neutrophil adhesion to vascular endothelium and potentiate vascular damage. The inability to exocytose primary granules will increase the risk of infection.
We have shown that neutrophils from patients with Type II diabetes have abnormal expression of cell-surface markers in response to phorbol ester stimulation. There is an abnormally large proportion of cells that continue to express integrin CD11b/CD18 at the cell membrane and a failure of cells to exocytose the antigen CD69 [24] . CD69 is contained within primary granules and its expression on neutrophil surfaces indicates that exocytosis of primary granules has occurred [25] .
Integrin CD11b/CD18 interacts with cytoskeletal proteins [26, 27] and transmits signals intracellularly through its association with the cytoskeleton. Remodelling of the actin cytoskeleton has been shown to cause both up-regulation and down-regulation of CD11b/CD18 [28] . The globular actin molecule (G-actin) can polymerise to form filamentous actin (F-actin) and this process controls changes in cell shape and motility. The function of the NADPH-oxidase system which produces superoxide and is abnormal in Type II diabetes depends on the ability of neutrophils to organise actin filaments [29, 30] .
This study examines the hypothesis that a failure in actin polymerisation in neutrophils from Type II diabetic patients is the cause of their inability to downregulate CD11b/CD18 and their failure to exocytose primary granules.
Subjects and methods
Subjects. With the approval of the Joint Ethics Committee of Newcastle and North Tyneside Health Authority, University of Newcastle Upon Tyne and University of Northumbria at Newcastle, patients with Type II diabetes were recruited from the Newcastle Diabetes Centre. All subjects gave their written informed consent. Patients with Type II diabetes had been diagnosed with the disease at 40 years of age or older and had been treated with oral hypoglycaemic agents for at least five years. Of the patients with Type II diabetes, a subgroup (n=15) was recognised with additional complications associated with cardiovascular risk (DM2+C) including an arterial blood pressure greater than 140/90 mmHg before antihypertensive treatment, a BMI greater than 30.0 kg/m 2 and albumin-to-creatinine ratio greater than 5.0 mg/mmol on three separate occasions without overt proteinuria. Healthy control subjects were recruited from the local population as well as from the hospital and university staff. Control subjects had fasting plasma glucose of less than 7.0 mmol/l and arterial blood pressure less than 140/90 mmHg, had never received antihypertensive treatment and had no family history of Type II diabetes. Subjects were excluded if they showed any clinical evidence of infection. From each subject, venous blood samples were collected into a heparinised glass tube and samples were kept at room temperature until experiments were carried out within 1 h from venepuncture.
Reagents. All reagents were from Sigma (Poole, UK), except anti-CD11b-PE and anti-CD45-TRIC (Caltag, Calif., USA), Leucoperm, Erythrolyse and non-specific IgG-PE (Serotec, Abingdon, UK), and calibration beads (Dako, Glostrup, Denmark). All antibodies were mouse anti-human.
Preparation of activated cells. Cells were studied basally and after activation with phorbol 12 myristate 13 acetate (PMA) or formyl-methionyl-leucyl-phenylalanine (fMLP). Studies were also done using cells treated with cytochalasin D. Each sample contained 100µl of whole blood and 100 µl of PBS with 5 mmol/l glucose and 5 mmol/l glutamine added. Samples were incubated at 37°C for 30 min with either PBS alone or PBS and 162 nmol/l PMA (100 ng/ml). In other experiments samples were initially incubated with 10 µmol/l fMLP or 10 µmol/l cytochalasin D for 30 min before 162 nmol/l PMA was added.
Triple-staining of cells with anti-CD11b-PE, anti-CD45-TRIC and phalloidin-FITC. Staining for the leukocyte common antigen CD45 in conjunction with size and light scatter properties was used to identify neutrophils [24] . Fluorescein-conjugated (FITC) phalloidin was used to identify polymerised F-actin filaments. After cellular activation 100-µl aliquots were stained with 1 µl antiCD11b-PE and 1 µl anti-CD45-TRIC (Tri-color) on ice, in the dark for 30 min. Samples were fixed for 15 min in the dark with 100 µl leucoperm reagent A, washed in PBS and centrifuged at 300 g for 5 min. The pellet was resuspended in 100 µl leucoperm reagent B, with 10 µl phalloidin-FITC and incubated at room temperature for 30 min in the dark. Leucoperm reagent B served to lyse red blood cells and permeabilise leukocytes. Cells were subsequently washed in PBS, centrifuged at 200 g for 5 min, resuspended in 500 µl PBS and analysed immediately using a Becton Dickinson FACScan (Becton Dickinson, San Jose, Calif., USA).
Calculation of CD11b and phalloidin-binding sites. Flow cytometry data were analysed using Winmdi 2.8 (Scripps Institute, Calif., USA). To measure the number of CD11b and phalloidin-binding sites, calibration beads with a known number of binding-sites were run by FACScan daily. A standard curve was used to calculate sites according to median cellular fluo-rescence. Non-specific binding of anti-CD11b-PE was accounted for by incubating samples with non-specific IgG-PE.
Primary granule exocytosis.
To calculate the percentage of cells expressing CD69, activated cells were stained with anti-CD69-PE and anti-CD45-FITC on ice for 30 min. Samples were fixed by adding a tenfold excess of Erythrolyse, washed twice in PBS at 300 g and 200 g and resuspended in 500 µl PBS before analysis by FACScan.
Preparation of Triton X-100 components of cells.
Leukocytes from five patients in each group were prepared by dextran-sedimentation and hypotonic lysis of contaminating erythrocytes, in the presence of 1 µmol/l leupeptin, 1 mmol/l EDTA, 230 µmol/l PMSF and 40 µmol/l phenylarsine oxide. Samples were resuspended in 0.15% Triton X-100 in 300 µmol/l sucrose containing 1 mmol/l MgCl 2 before centrifugation at 20000 g for 20 min to separate the cytoskeletal shell from other cell proteins. The Triton X-100 insoluble pellet was resuspended in the presence of 10% SDS and sonicated for 1 min. Gels of 10.5% total acrylamide were used in a Bio-Rad mini-protean system with 1 mm gels and 10 to 15 mA per gel. Gels were stained with Coomassie brilliant blue [200 mg Coomassie brilliant blue dissolved in 10:26:65 acetic acid:industrial spirit (ethanol denatured with 4% methanol):water] for 2 h. Gels were then destained in 5:5:90 acetic acid: industrial spirit: water. Scan analysis was done on dried Coomassie stained gels using a BioImage Visage Electrophoresis Gel Analysis System, version 4.6Q (Copyright 1993 Millipore Corporation). Integrated optical densities (IOD) were analysed using Whole Band Analysis, version 2.4.
Statistics. Values were normally distributed and are given as means and standard error of the mean (SEM). The probability of differences between groups was assessed using Student's t test with Bonferroni correction for multiple analyses. A p value of less than 0.05 was considered statistically significant.
Results

Clinical characteristics.
Overall diabetic patients were the same age as the control subjects and had normal plasma creatinine but had higher BMI, blood pressure and blood glucose than the control subjects. One control subject and two diabetic patients were current cigarette smokers. Six diabetic subjects (four DM2+C) had evidence of diabetic retinopathy (any grade). Seven of the patients were receiving insulin treatment, of which five were DM2+C. Diabetic patients had higher plasma triglycerides but lower plasma cholesterol than the control subjects which reflects the use of lipid lowering treatments in the former group (Table 1) . Albumin-to-creatinine ratios were greater than the normal range in 15 of the diabetic patients (DM2+C) and these patients had higher blood pressure, BMI, HbA 1c and plasma triglycerides than the normoalbuminuric diabetic patients. The remaining 10 diabetic subjects (DM2-) did not differ from the control subjects in terms of age, blood pressure, BMI or plasma creatinine. The clinical characteristics of subjects whose leukocytes were used to prepare triton shells were not different from their respective groups. There was no association between treatment with statins and actin polymerisation within the patient groups. There was also no correlation between either plasma glucose or HbA 1C and neutrophil actin polymerisation.
Phorbol ester activation of neutrophils causes an increase in cellular F-actin content.
Phalloidin-FITC staining of neutrophils in whole blood showed two populations of cells that were either F-actin lo or F-actin hi (Fig. 1) . Under resting conditions most cells had low F-actin (Fig. 1A, C) . Activation of neutrophils with 162 nmol/l PMA for 30 min, caused a substantial increase in the number of cells forming new actin filaments and hence a shift to F-actin hi (Fig. 1B,D) . However, the percentage of neutrophils in control subjects forming new actin filaments was higher than the neu- (Fig. 1, 2 ). There was no difference in the percentage of cells F-actin hi between DM2-and DM2+C. PMA also caused an increase in the number of phalloidin-binding sites in cells F-actin hi in all subject groups (Table 2) . Dual staining of neutrophils, for F-actin and CD11b, after PMA activation showed three populations of cells (Fig. 3) . All neutrophils F-actin lo had high surface CD11b. Neutrophils F-actin hi were heterogeneous with either high or low CD11b expression-F-actin hi CD11b hi or F-actin hi CD11b lo . All cells expressing low CD11b had high F-actin. The percentage of cells F-actin hi CD11b lo in Type II diabetic patients was lower than in control subjects (23.1±1.9% vs 37.5±1.8%, p<0.001). Furthermore, in DM2+C the percentage of F-actin hi CD11b lo neutrophils was lower than in Type II diabetic patients without additional risk factors (DM2-) ( Table 3) .
Cells stained and fixed directly had similar CD11b expression (58056±1991 CD11b sites) as those undergoing permeabilisation (61339±6066 CD11b sites), confirming that the permeabilisation step did not affect labelling of CD11b.
Reduced CD11b expression associated with F-actin formation occurs through down-regulation.
To test the hypothesis that incubation with PMA for 30 min causes neutrophils to down-regulate surface CD11b expression, cells were pre-incubated with the chemotactic peptide fMLP. fMLP caused all cells initially to express high CD11b (Fig. 4A, B) . When samples were subsequently activated with PMA, three populations could be observed as seen for PMA alone (Fig. 4C , Table 4 ). As fMLP-activated neutrophils had high surface CD11b the appearance of cells F-actin hi CD11b lo after stimulation with PMA shows that PMA causes CD11b to be lost from the cell surface. Consistent with results for PMA alone, more cells were F-actin hi CD11b lo in the control subjects than in either DM2+C or DM2-after incubation with both fMLP and PMA (percentage cells F-actin hi CD11b lo : control subjects, 31.5±2.0%; DM2-, 28.4±1.3%; DM2+C, 21.1±1.5% (p<0.001 vs control subjects).
Neutrophil F-actin formation is associated with primary granule exocytosis. Consistent with our previous observations, CD69 expression was reduced in all Type II diabetic patients compared with the control subjects (percentage cells expressing CD69 after incubation with 162 nmol/l PMA for 30 min: control subjects, 36.4±2.6%; DM2-, 25.4±1.4%; DM2+C, =21.0±3.8%; p<0.001 vs control subjects). In all subject groups there was a strong correlation between the (Fig. 5) .
Actin content of Triton X-100 insoluble components of cells correlates with phalloidin binding. Triton X-100 was used to prepare cytoskeletal fractions of leukocytes that had been incubated with PMA. After SDS-PAGE and Coomassieblue-staining, the IOD of the 44,000 M r actin band correlated strongly with the proportion of neutrophils F-actin hi identified by phalloidin-FITC staining (r=0.74, p<0.01) (Fig. 6) .
Inhibition of actin polymerisation with cytochalasin D prevents CD11b down-regulation.
Cells were pretreated with cytochalasin D (10µmol/l) before activation with PMA to elucidate the effect of cytoskeletal disruption on CD11b expression. In all groups pre-incubation of cells with cytochalasin D prevented the increase induced by phorbol ester in the proportion of cells F-actin hi (p<0.001). This was associated with a reduction in the percentage of cells F-actin hi CD11b lo (Table 5) .
Discussion
Labelling actin filaments with phalloidin-FITC showed that PMA stimulation caused a marked increase in actin polymerisation in neutrophils. However, a much lower proportion of neutrophils were able to increase actin polymerisation in Type II diabetic pa-tients than in healthy subjects. The impaired actin polymerisation in Type II diabetes was a major factor in the inability of their neutrophils to down-regulate integrin CD11b/CD18 and to exocytose primary granules (CD69).
The greater PMA stimulated polymerisation of actin into the cytoskeletal fraction of neutrophils from control subjects compared with Type II diabetic patients was confirmed by the estimation of the actin content of the Triton X-100 insoluble cytoskeleton of cells. This showed an increase in actin content after PMA stimulation and correlated with the percentage of neutrophils with increased actin filaments which were identified by flow cytometry.
CD11b exocytosis is an early event in neutrophil activation that upon PMA stimulation is followed by primary granule exocytosis and CD11b down-regulation. All neutrophils incubated with fMLP for 30 min expressed high CD11b at the cell membrane, without an increase in intracellular F-actin above baseline values. Therefore, subsequent stimulation with PMA that caused the appearance of neutrophils with low CD11b must have resulted from a process of CD11b downregulation that occurred only in cells forming new actin filaments.
In support of a causal relation between actin polymerisation and both primary granule exocytosis and CD11b down-regulation, both processes were inhibited by cytochalasin D, which binds to the barbed ends of actin filaments inhibiting association and disassociation of actin monomers.
This study also confirms our previous observation that PMA stimulated CD11b exocytosis is normal in neutrophils from Type II diabetic patients but that subsequent CD11b down-regulation and primary granule exocytosis are much impaired. We have shown that the latter events are dependent on the formation of actin filaments. Therefore, the impaired actin polymerisation in neutrophils from Type II diabetic patients is the primary abnormality that causes the abnormal CD11b down-regulation and primary granule exocytosis. As increased CD11b expression can contribute to cardiovascular disease, those patients with the additional cardiovascular disease risk markers of hypertension and microalbuminuria were examined separately. These patients had a smaller proportion of neutrophils that were able to down-regulate CD11b than patients with diabetes and no additional risk markers.
Within the group of diabetic subjects abnormal neutrophil actin polymerisation and CD11b expression was not related to either plasma glucose or glycated haemoglobin though the study was not designed specifically to test this hypothesis. A recent report of an inverse association between neutrophil lysosomal-enzyme secretion, leukotriene B4 production and glycaemia [31] reflected the difference between diabetic and normal subjects. Therefore, in both studies, the only clear association with neutrophil dysfunction is the presence or absence of diabetes rather than indicators of the severity of disordered glucose homeostasis within Type II diabetes.
Although our study was conducted using the experimental agent phorbol ester, CD11b loss from the cell surface has also been induced using a multiple receptor stimulation with fMLP, granulocyte-macrophage colony stimulating factor (GM-CSF) and platelet factor 4 (PF4) [32] . It is not likely that the F-actin lo CD11b hi , Factin hi CD11b hi and F-actin hi CD11b lo sub-populations of neutrophils are different subsets of neutrophils in patients, as baseline neutrophil characteristics did not differ between groups. The heterogeneity of F-actin hi neutrophils in their expression of CD11b suggests that actin polymerisation is necessary and yet not sufficient to allow CD11b down-regulation. Thus in healthy subjects 77% of F-actin hi neutrophils lost CD11b but in DM2+C only 60% did so. The cellular pathways that allow some F-actin hi cells to become CD11b lo and others to remain CD11b hi are not clear but could be important in defining additional cardiovascular risk among patients with Type II diabetes.
Most neutrophil functions occur in adherent cells, a process that occurs through the action of β 2 integrins, including CD11b/CD18. Cross-linking of CD18 on neutrophil surfaces induces a number of cellular events including an increase in intracellular calcium, Fig. 6 . Correlation between percentage of cells F-actin hi detected by phalloidin-FITC staining and IOD for actin in Triton X-100 insoluble fractions of leukocytes after incubation withexocytosis of primary granules, shedding of L-selectin and actin polymerisation [33] . In Type II diabetes, the consequences of impaired neutrophil actin filament formation include persistent integrin expression and impaired primary granule exocytosis. Loss of CD11b in response to cellular activation with phorbol ester is associated with loss of cellular adhesion to ICAM-1 and fibrinogen [32] . In patients with Type II diabetes and especially those who also have hypertension, microalbuminuria and a high BMI, persistent CD11b expression could contribute to the burden of cardiovascular disease through increased neutrophil adhesion at sites of vascular injury. Adherent neutrophils release proteases and superoxide anion as well as acting as a nidus for platelet aggregation and affecting vasomotor tone [6, 34, 35, 36] . Increased CD11b expression has been found during ischaemia-reperfusion injury [13, 14, 15] and at sites of coronary restenosis [9, 10] , two conditions that occur with increased frequency in diabetes. It is possible that a failure of neutrophils to polymerise actin could be a factor in the adverse outcomes of these complications.
Neutrophil dysfunction also contributes to the increased incidence of bacterial infection in Type II diabetes. Both neutrophil superoxide production and primary granule exocytosis are important features of the immune response to bacterial infection and both are abnormal in Type II diabetes [3, 24] . Previous studies have shown a requirement for cytoskeletal reorganisation in the normal functioning of the NADPH oxidase complex [29, 30] . We have shown that a failure to remodel the actin cytoskeleton is associated with a failure of neutrophils to release primary granules in addition to increased surface integrin expression.
In conclusion, our data suggest that actin polymerisation is required for both loss of integrin CD11b from neutrophil cell surfaces and neutrophil primary granule exocytosis. Furthermore, actin polymerisation is impaired in Type II diabetes and underlies the defect in integrin expression which is most marked in subjects at highest cardiovascular risk. Impaired neutrophil actin polymerisation could contribute to the increased incidence of cardiovascular disease and bacterial infection in Type II diabetes.
